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developed to model engine performance and exhaust emissions. The optimal values of EGR
and the percentage of hydrogen in the blend of HCNG were extracted using a multi-
objective genetic algorithm (MOGA).

The results showed that by increasing EGR, thermal efficiency, the engine power, and
specific fuel consumption decreased due to prolongation of combustion length while cu-
mulative heat release increased but, its effect on cylinder pressure is insignificant. Adding
hydrogen to natural gas increased the combustion temperature and, consequently NOx.
While the amount of CO and HC decreased. The results of GPR and MOGA illustrated that at

different engine speeds, the optimum values of EGR and HCNG were 6.35% and 31%,

respectively.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Nomenclatures

EGR Exhaust gas recirculation

HCNG Hydrogen + compressed natural gas
FC Fuel consumption

TE Thermal efficiency

ANN Artificial neural network

U; Local velocity of fluid

[ Fluid flow density

gi gravitational acceleration

P Fluid flow pressure

I Cinematic viscosity

v; . ¥;  Stress tensor between fluid flow lines
d; Fluid flow stress with field wall

GPR Gaussian process regression

KF Kernel function

QNAH quasi-Newton approximation to the Hessian

Xmax and Xmin the maximum and minimum values of
the input vector (x)

MAPE  The Mean Absolute Percentage Error
RMSE  Root Mean Squared Error
Introduction

One of the most efficient engines available is diesel engines.
Due to being economical and for reasons such as moving
goods, generating electricity, and carrying passengers, diesel
engines are essential. On the other hand, they are one of the
sources of environmental pollution and the spread of cancer.
Therefore, research in the field of diesel engines is always of
interest to researchers [1,2].

The investigation on diesel engines showed that modifying
engine geometry, exhaust gases recirculation (EGR), and using
alternative fuels such as natural gas and hydrogen can be used
to reduce emissions and improve engine performance [3—8].
Natural gas as an alternative fuel is considered in internal
combustion engines due to its cleanliness. A study carried out
to achieve high brake thermal efficiency and low methane

(CH4) emissions in a natural gas—diesel dual fuel engine with a
large—squish piston geometry. The results showed that the
combination of an E—Pilot approach and a large—squish piston
improve the BTE and CH4 emissions by indirect and direct in-
jection with getting closer to the gasoline engine approach [9].

Improving engine power, torque and reducing engine emis-
sions are very important. Therefore, researchers attempt to
achieve these goals by changing engine geometry and usingnew
methods [10,11]. Bayramoglu and et al. [12] modeled a com-
bustion chamber geometry so that abowl geometry increase the
air-fuel mixture quality with turbulence formation. The results
were increase in engine performance and low emission.

In 1994 [13]. A study was carried out in the Gas Research
Institute on a dual natural gas/diesel engine. The results
showed that dual-fuel engine technology has many advan-
tages such as high efficiency and brake mean effective pres-
sure, significant reduction of nitrogen oxides (NOx), and
particles. Other advantages of these engines are the
economical use of fuel to obtain high-performance in appli-
cations like locomotive engines, marine engines, and trucks.
For applying natural gas as an alternative fuel in a diesel en-
gine, converting it into a spark-ignition engine was needed.
Raine et al. [14] converted a diesel engine into a spark-ignition
engine using natural gas fuel. In This conversion, the main
engine characteristics were compression ratio, ignition
timing, and fuel to air ratio. The compression ratio decreased
from 1: 18 to 1: 15 and 1:13. The results of their study after a
distance of 58,000 km on urban and suburban roads demon-
strated that engine performance with a compression ratio of
1:15 was acceptable. Other studies have shown that in a diesel
engine to use natural gas and hydrogen fuel, in addition to
changing it to a gasoline engine, it is necessary to change
other parameters such as the ignition timing [15].

In another study, the exhaust emissions of a turbocharged
1.8 1it 6-cylinder engine were investigated that converted into
a gas-fired engine [16]. The results showed that the exhaust
emissions were different at different loads. Meanwhile, NOx
emission decreased so that CO, soot, and particles increased.
Also, their concentration was significantly reduced by the
oxidation catalyst.

The simulation and experimental results of diesel engine
conversion into the natural gas engine at different speeds
showed that fuel efficiency increased and, a significant
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reduction in NOx and CO, emissions was observed [16]. The
researchers [17—20] also showed that the use of the Wiebe
single and double function combustion model in commercial
diesel vehicles could help to improve the study of numerical
and experimental methods so that the results indicated the
acceleration of the predicting process of the optimal condi-
tions with the least possible error.

A combination of natural gas and hydrogen fuel was used
in spark ignition and compression combustion engines
because of the high reaction speed of hydrogen fuel [21-24].
By Hairuddin et al. [20], a numerical study on the effect of
blending hydrogen with natural gas in a homogeneous charge
compression ignition engine showed that NOx and CO were
reduced. Of course, the engine efficiency was increased by
13-16%. Experimental evaluation [25] of hydrogen enrich-
ment in a dual-fueled CRDI diesel engine demonstrated a
decrease in CO, HC, and increase in NOx emissions by 35%,
16%, and 13% and improve in BTE and BSEC by 28% and 20%,
respectively. The results of experimental study on combus-
tion stability and performance of hydrogen-enriched com-
pressed natural gas of a free-piston linear generator showed
an improved in engine performance when A = 1.4 [26].

Adding hydrogen fuel to natural gas in spark-ignition and
diesel engines investigated by engine testbed dynamometer.
The results showed that the injection of HCNG fuel using a
high-pressure injector and ignition timing at 32 BTDC in-
creases cylinder pressure, brake thermal efficiency, and re-
duces NOx value [27]. Also, another research result showed
that when methyl ester is added to the combination of
hydrogen and natural gas in a diesel engine, unburn hydro-
carbons were significantly reduced compared to NOx due to
complete ignition [28].

In a numerical and experimental study [29], the effect of
EGR with different pressures was investigated on combus-
tion features, performance, and emissions of a commercial
vehicle with hydrogen-enriched to natural gas. The results
of other research on the effects of EGR and lean-burn on an
HCNG diesel engine have shown that in the case of EGR, the
peak pressure inside the cylinder decreases and, the
amount of NOx with high-pressure EGR has the lowest
value. It can also be concluded because of lower pressure
and combustion rate. The thermal efficiency with EGR is
lower than that without EGR under stoichiometric condi-
tions [30]. EGR supply significantly affects the dual fuel en-
gine combustion and emission levels. So that method of
pilot fuel addition and EGR is affected dual fuel engine
performance, but provided drastic reductions in smoke and
NOx emissions [31].

The use of EGR indirect injection ignition engines with
HCNG fuel showed that 5-10% of EGR could maintain engine
efficiency under optimal conditions. In addition, the amount
of NOx can be reduced by 25% EGR to 80% and keep the
amount of carbon monoxide and unburned hydrocarbons in
the low range [32]. The results of other studies on Butanol-
gasoline (B20) and EGR gasoline engines have shown that
EGR diluted with excess air improves braking thermal effi-
ciency and produces lower amounts of NOx [33]. In general,
the effect of EGR on diesel engines with HCNG fuel has a
decreasing effect on NOx [34—36].

Today, one of the main topics in big cities is the reduction of
exhaust emissions in internal combustion engines. Since the
existence of EGR in internal combustion engines causes reduce
harmful emissions to the environment, research in this area is
necessary. However, the main point is that the EGR percentage
added to cylinder inlet air is limited. In this study, a diesel en-
gine was first converted to a gasoline engine and then opti-
mized engine performance and exhaust emissions, the above
items were investigated using AVL Fire multi-domain Simula-
tion. The main variables were the combination of natural gas
with hydrogen and the percentage of EGR ratio to the intake air
in different cycles. The Gaussian process regression (GPR) was
developed to model engine performance and exhaust emis-
sions. The optimal values of EGR and the percentage of
hydrogen in the blend of HCNG were extracted using a multi-
objective genetic algorithm (MOGA). Finding the optimal point
in terms of hydrogen content in fuel composition and EGR
percentage using independent variables helps engine designers
to maximize efficiency and reduce engine emissions. This issue
has been less addressed in previous studies using both nu-
merical and statistical methods by researchers.

Also, this point is significant that adding hydrogen to nat-
ural gas increases NOy. One way to reduce NOx is to use EGRin
internal combustion engines. However, in order to increase
the efficiency and also to reduce the exhaust gases, it is
necessary to completely target the optimal point for both the
percentage of hydrogen in the blend of fuel and the amount of
EGR. This issue has been investigated in this study.

Materials and methods
Engine studied and simulation conditions

The Perkins 1103A-33TG1 diesel engine is one of the ones
widely used in the transportation and agricultural industries.
The technical specifications of the studied engine are given in
Table 1.

AVL Fire software was used to solve the combustion
problem in this engine and simulated its process. Before the
simulation, the geometry of the engine was designed and
prepared. Then the engine mesh network was produced using
Gambit. Since AVL Fire software only can analyze an orga-
nized network, this was done by connecting different blocks.
In the simulation process, when the piston or valves move, the
internal structure of the mesh changes automatically. Fig. 1
shows the geometry of the motor with the meshes created.

Network independence is a compelling issue in numerical
solutions. Therefore, a numerical solution was performed
with three networks and different numbers of cells. Then, to
reduce the calculations, the closest number of networks that
were slightly different from each other was selected.

Engine model

The engine model is a direct injection engine with the tech-
nical specifications of Table 1. The engine was converted from
compression ignition to spark ignition and used a combina-
tion of natural gas and hydrogen fuel. Different EGRs were
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Table 1 — Engine specification.

Engine Perkins 1103A-33TG1

Number of cylinders 3 Cycle 4 Stroke
Bore and Stroke (mm) 105 x 127 Length (cm) 104
Compression Ratio 17:1 Number of nozzle holes 4
Displacement (L) 33 Fuel mass 5.2 x 10-6 kg
Maximum Power 47kw Nozzle hole diameter 0.0002 m
Aspiration turbocharged Start of injection 23° CA BTDC
Combustion system Indirect injection End of injection 7°C A ATDC

Fig. 1 — Piston set and Grid Solution Field.

used at different cycles to evaluate engine performance and
exhaust emissions. In order to analyze the engine, different
exhaust and air inlet ports were considered. Also, injection
timing and ignition timing were considered so that the engine
conditions could be correctly predicted. To simulate the en-
gine, the engine geometry was plotted using actual sizes and
the engine technical catalog by CATIA software and then
meshed with Gambit software and the pentahedron method.
The meshes were defined to include all points of the curve.
The designated domain refinement algorithm was used for
the in-cylinder mesh, the hydrogen and natural gas inlet
boundary as the fuel used. The maximum selective tubercu-
losis at the lowest point of the cylinder, i.e., the bottom dead
point, was 670,000 and the number of nodes was more than
one million. Finally, the proposed model was transferred to
AVL Fire software for numerical calculations.

Also, in this study, three types of fuels were used to eval-
uate the performance of the engine and exhaust pollutants.
Due to the incomplete combustion of diesel fuel in the internal
combustion engines and increased emissions, it can be
replaced with natural gas and hydrogen fuel, which has very
low pollution. However, to optimize engine performance, it is
necessary to combine specific percentages of hydrogen fuel
with natural gas. Some properties and characteristics of the
fuels used are given in Table 2, [37—39].

Simulation model setup and validation

In this research, after converting the engine to spark ignition,
the fuel changed from diesel to natural gas and then the
mixture of natural gas and hydrogen with different percent-
ages. It was used to evaluate the engine performance and
exhaust gases under different EGR ratios. The combustion
process and fluid flow inside the combustion chamber were
simulated and some phenomena such as spray, droplet

Table 2 — Some properties of used fuels.

Property methane hydrogen Diesel
Molecular weight (g/mol) 16.04 2.02 170
Density (kg/m?®) 0.65 0.08 800—840
Octane number 120 130 40-57
(Cetane Nu)
Auto ignition temperature (°C) 540 585 355
Mass diffusivity in air (cm%s)  0.16 0.61 0.0245
Minimum ignition energy (mJ)  0.28 0.02 0.16
Minimum quenching distance ~ 2.03 0.64 5.5
(mm)
Flammability limits in air (vol 5-15 475 0.79-5-54
%)
Flammability limits (A) 2-0.6 10-0.14 0.6
Flammability limits (o) 5-1.6 0.1-7.1 1.32
Laminar burning velocity in air 0.4 3.2 0.4
(m/s)
Lower heating value (MJ/kg) 50 120 36
Higher heating value (MJ/kg) 55.5 142 45.6
Stoichiometric air-to-fuel ratio ~ 17.1 34.2 15
(kg/ke)

Stoichiometric air-to-fuel ratio  9.547 2.387 94.7
(kmol/kmol)

evaporation, and heat transfer were modeled. Due to the study
of the flow inside the combustion chamber and the combustion
process, the simulation was performed in a closed cycle so that
the simulation was done from the inlet valve closing point to
the outlet valve opening point. Also, due to the complexity of
the chemical mechanism of natural gas and diesel, the chem-
ical mechanism was used. The chemical reactions of
combining both natural gas and hydrogen fuels are many
numbers and the use of computational fluid dynamics codes is
very time-consuming. Therefore, a reduced PRF mechanism
including 77 species was used in this study. The Zeldovich
mechanism developed in the cylinder was used to calculate
NOX emissions in AVL Fire. The EGR module was used to model
the EGR settings as the percentage of gas returned in the total
mixture, including fresh air and inlet fuel, as in Formula 1.

-

EGR(%) = ( Mec

—) x 100 !
Mgir + mfuel + Mecr

AVL fire simulation validation

Cylinder pressure and brake thermal efficiency are two main
parameters in simulation validation. These are due to many
engine parameters, including heat transfer and engine
power, depending on cylinder pressure and thermal effi-
ciency. The thermal efficiency of an engine indicates its high
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Table 3 — Comparison of brake thermal efficiency for laboratory conditions [40] and simulated.

Brake thermal Efficiency Diesel

H, (2.5 gr/min) + H, (2.5 gr/min) + Diesel with 10 H, (2.5 gr/min) + Diesel +With 20%

(%) Diesel EGR EGR

0% Load 0% (0) 0(0) 0(0) 0 (0)

40% Load (KW) 19.5 (20.30) 22.5 (23.10) 21.8 (22.20) 20.4 (20.75)

80% Load (kW) 30.2 (31.30) 34 (34.71) 32.5 (33.10) 31.1 (31.8)

@ Experimental data (Simulation data).
performance. Engine thermal efficiency at different loads at
1500 rpm was measured according to the amount of DU, _00; a0, 855 P
hydrogen-enriched in diesel fuel with 10% EGR and 20% EGR. Pt P T pUia_Xj =gt 0x; =P8 "ok

Here, Bose & Maji [40] laboratory results under similar 8 09, 007 2 00 (3)

conditions were used to validate the model built in AVL fire. % [H (a—xj + G_Xi 3 E&j)]

The comparison results of brake thermal efficiency for
different fuel conditions are given in Table 3. As can be seen,
there is very little difference between the laboratory and
simulated conditions, so it can be said that the simulated
model is appropriately designed, and the prediction and cal-
culations of the simulated model can be trusted. The paren-
theses in the table below show the simulation values. Also, a
four-stroke single-cylinder engine with a stroke of 120 mm
and a cylinder diameter of 80 mm was modeled to extract the
simulation results. The maximum engine power was 5.2 kW
and the compression ratio was 17.5: 1 (see Table 4 shows the
amount of energy and mass in the HCNG blend).

Governing equations

The survival equation, the momentum equation, the energy
equation, the species transfer equation, the turbulence
equation, the combustion model, the emission equations, the
air-to-fuel ratio equation, and the particle evaporation equa-
tions are some of the relationships discussed in simulating
combustion engine combustion engines. Numerical dis-
cretization methods were used to solve the equations. The
relationships entered to describe the fluid flow behavior in the
solution field will be resolved in the Cartesian coordinate
plane. If the velocity of the fluid flow in the center of the
control volume is defined as a vector, the survival equation is
expressed as follows:
oV _d(pu)  d(pv)  B(pw)

ot ex ey | oz @)

Through the Navier-Stokes equation, the velocity and
pressure of fluid flow change in different dimensions are
interdependent.

Table 4 — The amounts of Energy and Mass in the HCNG
blend.

0% 10% 20% 30% 40%

HCNG HCNG HCNG HCNG HCNG
H, (%Mass) 0 1.21 2.69 4.52 6.72
H, (%Energy) 0 3.09 6.68 10.49 15.59
LHV(MJ/kg) 46.28 47.17 48.26 49.61 51.41
CNG mass (mg) 5.2 5.13708 5.06012 4.964%  4.855
Hydrogen mass 0 0.6292  0.13988 0.23504  0.345

(mg)

where [Ali is the local velocity of the fluid flow, p is the density
of the fluid flow, g; is the acceleration of the earth's gravity, P
is the pressure of the fluid flow, p is the kinematic viscosity, %
and 9; are the stress tensors between the fluid flow lines and d;;
is the stress resulting from the interaction of the fluid flow
with the wall of the solution field [41].

The enthalpy equation represents the combustion heat
outputs, the heat near the walls, and the heat rate released,
which affects the performance parameter of the indicator
power. The energy equation can be represented as the
following continuous polynomial:

_DH _(oH
PDt—P

~0H\ .. 9P 8 .~ 0 ( OT
. Uja—x}) =P 5t o (755;5) o <xa—xj> (4)
H is the local enthalpy of the fluid flow, d, is the heat ex-

change rate in the gaseous mixture, 7; is the shear stress

between the fluid flow lines, A is the fuel ratio and T is the
fluid flow temperature [42].

Concerning species transfer, the exact amount of all species,
how they mix, penetration and evaporation of the two fluid
phases are stated. On describing the reaction kinetics of dual-
fuel diesel engines, the behavior of the species at each stage
of the reaction is estimated based on the species transfer
relationship [43]:

9 . .
a(pYi)+V(pVYi): —-VJi+ R +S; (5)

where Y; represents the input species, ¢ is the viscosity of the
fluid flow, J; indicates the infiltration of the species, R; repre-
sents the rate of production of the species after the reaction,
and S; represents the source of the species created in the
previous reaction and enters the new equation.

The air-to-fuel ratio in compression ignition engines de-
termines whether the fuel mixture is rich or thin. The ratio of
air to fuel stoichiometry in a turbocharged diesel engine is
considered from 20:1 to 25:1. In the study, the ratio of air to
fuel was considered stoichiometric 23:1 [44]:

AFR= mgaseous fuel-LHVgaseous fuel/mDieseI fueI~LHvDiesel fuel
+ mgaseous fueI-LHVgaseous fuel (6)

Mgaseous fuel @Nd Mpiesel el are the mass flow rates of
gaseous fuel and spray fuel, respectively. The ratio of gas fuel
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Table 5 — Kernel function types used in this study to design a GPR model.

Kernel function Equation

ARD Matern 3/2

d o
k(x;,%5]0) = o2(1+v3n)exp(~ v3r), T =/ 3 (Xim 2X)m)
m=1 Om
ARD Matern 5/2 k(x;,x]0) = 02(1+V/57 J%rz)exp( _Bn)
Matern 3/2 5 /3
(i, X 6) = of (1 +%)EXP(— Tl)’ T =/ (% - %) (xi - %))
Matern 5/2 Jir 2 "
. x:|0) = g2 vor  ore V5T
k(XI’X}w) =% (1+ o] +30f2)exp( a1 )

ARD squared exponential
k(xi,xj|0) = afexp

_ 1 Xd: (Xim - ij)z

2 m=1 UVZ“
Squared exponential 1
k(x;,Xj]0) = a}exp -5

ARD: automatic relevance determination.

to liquid fuel flow rate determines the volume percentage of compounds may react instantly, others may require consid-

fuels. erable time to begin. For a one-step stoichiometric chemical
reaction, the reactants and the products are represented
Chemical kinetics based on the mass reaction law, Eq. (7)
. qels . . . N N
Chemical fequ111br.1um, as well as chemlcal ' k1'net1cs, are ZUiMi _ ZUiMi ?)
capable of improving pollutant formation predictions from a F F

SI engine. Although chemical equilibrium may qualitatively ) ,
predict pollutant formation and emission from an engine, a where, v; and v;: Stoichiometric Coefficients of the ith chemical

chemical kinetics approach predicts the formation of pollut- species, related to the reactants and products, respectively; M; :
ants in ICEs during the whole engine cycle, considering more Specification of the molecule of the ith chemical species; N:
coherent rates for each chemical species considered. Almost Total number of chemical species on the model.

all chemical reactions require time for the entire set of re- The rate of reaction of a specific chemical reaction is rep-
actions to ultimately happen. While some chemical resented by Eq. (8).

Table 6 — R? values of GPR model based on different kernel functions in training, testing and total phase (for converting ppm

to gr/kWh, it should be multiple at 1/100).

Thermal efficiency (%) Specific fuel consumption (gr/kW. h)

Kernel function Train Test Total Train Test Total

Ardmatern32 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00
Ardmatern52 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00
Matern 32 0.99 + 0.00 0.91 + 0.02 0.97 + 0.01 0.98 + 0.00 0.95 + 0.02 0.97 + 0.01
Matern52 0.98 + 0.00 0.92 + 0.02 0.97 + 0.01 0.98 + 0.00 0.93 +0.03 0.96 + 0.01
Ard squared exponential 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.01 0.99 + 0.01 0.99 + 0.01
Squared exponential 0.98 + 0.00 0.92 + 0.02 0.96 + 0.01 0.98 + 0.01 0.95 + 0.02 0.97 +0.01

Power output (kW) NOx (ppm)
Ardmatern32 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00
Ardmatern52 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.00 0.98 +0.01 0.99 + 0.00
Matern 32 0.99 + 0.00 0.92 + 0.03 0.98 + 0.01 0.98 + 0.00 0.98 + 0.01 0.98 + 0.00
Matern52 0.99 + 0.00 0.92 +0.03 0.98 + 0.01 0.99 + 0.01 0.99 + 0.01 0.99 + 0.01
Ard squared exponential 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.01 0.98 + 0.01 0.99 + 0.01
Squared exponential 0.99 + 0.00 0.93 + 0.02 0.98 + 0.01 0.98 + 0.00 0.98 + 0.02 0.98 + 0.01
CO (ppm) HC (ppm)

Ardmatern32 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.01 0.98 + 0.02 0.99 + 0.01
Ardmatern52 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.01 0.97 +0.02 0.99 + 0.01
Matern 32 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.01 0.96 + 0.03 0.99 + 0.01
Matern52 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.01 0.96 + 0.03 0.98 + 0.01
Ard squared exponential 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.01 0.97 + 0.02 0.99 + 0.01

Squared exponential 0.99 + 0.00 0.99 + 0.01 0.99 + 0.00 0.99 + 0.01 0.97 +0.02 0.99 + 0.01
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ac, ch

RR= dt = kH
ac, ch

RR= dt = kH

o

c

®)

where, RR: Reaction Rate; k: The Rate Constant of the chemical
reaction; C, and Cy: Molar concentration of the products or
reactants respectively (222); C;: Molar concentration of the
chemical species (&2gl);
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The overall chemical of the HCNG blend with different
hydrogen volumetric concentration is presented in Table 3.

Gaussian process regression (GPR) model

Due to the need to use software such as AVL fire, to simulate
the combustion conditions of the engine understudy requires
almost heavy calculations, as mentioned earlier. Therefore,
EGR was used to obtain the graph of the engine performance
response level in terms of fuel composition, and GPR for
different engine speeds in this research. Thus, the designed
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Fig. 2 — The result of evaluating the agreement between the simulated data set with the data set predicted by GPR.
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GPR model can be replaced for heavy software and in the
following, it can be used as a cost function in the genetic al-
gorithm. The GPR modeling is based on a stochastic process in
which a set of random variables with a Gaussian distribution
is created [45]. The Gaussian process (GP) is a function of mean
(m (x)) and covariance (kernel) function (k (x, x')). The GP
function is defined as Eq. (9):

t(x) ~ GP(m(x),k(x,X')) 9)

The purpose of the GPR model is to generate the relation-
ship between the response variable (y) and predictor variables
(x;) according to Eq. (9). In this study, response variables
include thermal efficiency, fuel consumption, power output,
NOx, CO, HC and predictor variables including EGR, HCNG,
and engine speed. ¢ in this equation refers to the model error.
In addition, it is a factor with an independent identically
distributed Gaussian property, i.e. e ~ N(0,02)

y=t(x)+e (10)

Assuming we have an identity matrix (I), Eq. (9) can be
rewritten as Eq. (10).

t(x) ~ GP(m(x), k(x,X) +152) (12)

By dividing the available data set into two training data sets
(X, y) and a set of test data (X, f+) [46]:
> (12)

{y } N qmm
f m(X-)

Proper selection of the Kernel function type (KF) is essential
in GPR modeling. The success of GPR training and its gener-
alizability in the testing phase depends on the appropriate
choice of KF. Various types of KFs have been used in various
sources. In this study, based on practical experience of the
leading problem and the results of others [47,48], six types of
KF were used (Table 5). In this table, ol refers to the signal
variance of function and length scale, respectively.

The parameters of the functions m (x) and k (x, x') are
calculated using a randomly selected training dataset. The set
of these parameters is called hyper parameters (6). The quasi-
Newton approximation to the Hessian (QNAH) training algo-
rithm was used to find the optimal values of vector 6. This

k(X,X) +102 k(X,X)

k(X;X) k(X-, X+)

algorithm is based on the conjugate method gradient that has
been established [49].

Since the unit and vector scale of the motor variables (x)
were different from each other, and also in order to improve
the training process, the data were first normalized using
Equation (5) at intervals [-1,1] (xy):

2(X — Xpin)

xn=1+
i (xmux - Xmin)

(13)
where, Xmax and Xmin are the maximum and minimum values
of the input vector (x).

MATLAB software was used for modeling and data
analysis.

Results and discussion

As described in the section of materials and methods, six
types of kernel functions were used to design the GPR model.
The mean values and standard deviation R? of the model

(ﬁzistd) in estimating the six performance criteria of the en-
gine are given in Table 6. These results were obtained using 5-
fold with 20 replications. Therefore, the prediction results
were obtained based on 100 different arrangements of the
total simulated data. Accordingly, the closer the mean is to
one and the standard deviation to zero, the model has a high
ability to replace the simulated model of AVL fire and has
better generalizability. Based on the explanations given and
the results of Table 6, the use of ARD Matern 3/2 as a kernel
function in the GPR model leads us to the best possible result
in this research. The average value of R? for thermal efficiency,
fuel consumption, power output, NOx, CO and HC is 0.99. This
means that the designed GPR model can be used with 99%
confidence to replace the simulated model. In addition, the
small value of standard deviation R? indicates the fact that the
GPR model has very good generalizability.

Fig. 2 shows the RMSE and MAPE values and the agreement
between the two simulated data sets of engine performance
versus their values predicted by the GPR designed model. As
can be seen, the GPR model can predict the engine perfor-
mance parameters with a maximum error of about 3%. Also,
the RMSE values for thermal efficiency, fuel consumption,

Table 7 — Assessment of generalizability capability of the GPR model .

Thermal efficiency (%)

Specific fuel consumption (gr/kW. h)

Train Test Total Train Test Total

R? RMSE R? RMSE R? RMSE R? RMSE R? RMSE R? RMSE
80 0.99 0.31 0.99 0.42 0.99 0.34 0.99 19.15 0.99 18.20 0.99 18.96
60 0.99 0.32 0.99 0.40 0.99 0.35 0.99 18.75 0.99 20.32 0.99 19.40
40 0.99 0.31 0.97 0.76 0.98 0.62 0.99 18.50 0.99 21.91 0.99 20.62

Power output (kW) NOx (ppm)
80 0.99 0.78 0.99 1.10 0.99 0.85 0.99 17.00 0.99 16.39 0.99 16.88
60 0.99 0.72 0.99 1.07 0.99 0.88 0.99 16.00 0.99 18.13 0.99 16.88
40 0.99 0.68 0.99 1.01 0.99 0.90 0.99 15.60 0.99 18.97 0.99 17.70

CO (ppm) HC (ppm)
80 0.99 1.23 0.99 1.41 0.99 1.27 0.99 0.10 0.99 0.21 0.99 0.13
60 0.99 1.26 0.99 1.33 0.99 1.29 0.99 0.05 0.97 0.52 0.99 0.33
40 0.99 1.28 0.99 1.37 0.99 1.34 0.99 0.07 0.96 0.56 0.98 0.44
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power output, NOx, CO and HC are 1.41, 16.39, 1.10, 18.20, 0.42,
and 0.39, respectively. In addition, as can be seen, the
dispersion of engine performance parameter data is
compared to the best fit line between the two PI lines with a
95% probability. Therefore, based on this result, it can be said
that there is very little difference between the results of the
GPR model and AVL fire, and therefore the use of GPR instead
of AVL fire is recommended. Indeed, replacing the GPR model
as an agile model with high-speed calculation capability
against the AVL fire model as a method with heavy calcula-
tions can be justified. Also, as described in Table 3 and Section
AVL Fire Simulation Validation, the validity of the AVL fire
simulation is discussed and validated. Now, according to the

sfe genwn
sfcigrkwih
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FErregy
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purpose of this study, the GPR model should be replaced with
complex calculations and time-consuming AVL fire. There-
fore, the prediction validity of the GPR model must be
confirmed. Based on the results of Fig. 2, the maximum pre-
diction error of the GPR model is less than 3%. In addition, as
can be seen, the values predicted by the GPR model are around
the 45-degree line (Best fit: y = x) and the 95% confidence in-
terval confirms, so that the GPR model predictions have a
probability of at least 95% with the AVL fire computing range.
Therefore, the predictions of the GPR model as an alternative
to AVL fire software can be trusted.

For better and more evaluation, the GPR model was
changed as an alternative to AVL fire, the size of the training

Power(kW)

Fig. 3 — The Response Level of GPR Performance Parameters for Thermal Efficiency (TE), Specific fuel consumption (SFC),

Power at 1200, 1400, 1600, 1800 rpm.
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set. The results of this study are presented in Table 7 for six
engine performance parameters for the training set size of 80,
60 and 40% random of the total simulated data set in three
stages of training, testing and total. The reduction of the
training set size makes the model have less learning experi-
ence in the training phase [50] and also, the model will face
more new conditions with the increase of the test data set.
Suppose the results of the model predictions with a smaller
training data set are acceptable in both training and testing.
Based on the explanations given in the results of Table 6 and
the changes in R2, RMSE, by reducing the size of the training
data set from 80% to 40%, it can be hoped that the GPR model
has a very good generalizability. Therefore, a suitable model of

1200rpm

680 780
660 £ 760
a 640 g 740
0 i

@] @]
80 680
= 280 Z 860
0 R 0
S
0 & 10

£ 1580 £ 60
g 1180 §55
< 1160 g
© 1140 g 50
1120
0
E%
535
S 30
0

30
HONG %) 40 15

1400rpm

1400rpm

15 0 X

engine behavior in the face of changes in parameters such as
EGR, H,, and RPM can be achieved with less computational
volume in AVL fire.

Figs. 3 and 4 show the response level of changes for ther-
mal efficiency (TE), NOx, CO, HC, specific fuel consumption
(FC), power at 1200, 1400, 1600, 1800 rpm with the designed
GPR model, respectively. By the response level, changes in
engine performance can be observed against changes in the
percentage of H, and EGR. It is noteworthy that it can be
concluded that the amount of hydrogen in HCNG has a more
significant effect on engine performance parameters than EGR
by examining the slope of changes in engine performance
parameters versus changes in HCNG and EGR because the

1600rpm

15 0 s

Fig. 4 — The Response Level of GPR Engine Emission Parameters for NOx, CO, HC at 1200, 1400, 1600, 1800 rpm (for

converting ppm to gr/kWh, it should be multiple at 1/100).
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Table 8 — The result of multi-objective optimization using genetic algorithm for different engine speeds.

EGR %HCNG rpm TE (%) FC (gr/kW. h) P (kW) NOx (ppm) CO (ppm) HC (ppm)
5.54 30.76 1000 24.96 582.50 30.11 648.01 53.87 28.83
5.83 30.81 1200 25.01 785.12 31.66 669.68 50.65 26.96
6.22 30.00 1400 3331 961.72 46.15 775.17 44.70 24.11
5.63 32.20 1600 36.51 1108.64 48.96 953.62 33.85 23.02
8.43 31.24 1800 37.73 1228.24 50.52 1226.20 21.91 21.98
11.06 38.18 1000 25.03 543.61 31.58 = - -
11.59 36.15 1200 25.18 754.70 32.84 - - -
11.68 36.96 1400 33.28 929.26 47.40 - — -
11.30 37.74 1600 36.44 1077.28 50.14 - - -
11.82 37.50 1800 37.43 1202.47 51.58 - - =
0.05 24.14 1000 - - - 605.50 53.46 29.33
0.02 25.55 1200 = = = 626.89 49.62 27.21
1.67 26.66 1400 - - - 743.90 43.69 24.68
0.00 26.67 1600 - - - 912.10 32.92 23.42
0.07 25.47 1800 - - - 1175.97 20.41 22.36

slope of changes against HCNG will be significantly higher
than EGR.

Based on Fig. 3 (a, b, ¢, d), it can be concluded that the
maximum value of thermal efficiency at different engine
speeds is about 10% for EGR and about 30% for HCNG. Ac-
cording to Fig. 3 (e, f, g, h), the minimum specific fuel con-
sumption at different engine speeds is about 10% for EGR and
40% for HCNG. The results of Fig. 3 (i, k, m, n), the maximum
amount of power at different engine speeds for EGR is about

zero percent and HCNG about 40%. Therefore, thermal effi-
ciency, engine power and also specific fuel consumption in-
crease with low EGR and decrease with high EGR. High EGR
increases the duration of combustion [51] so that this reduces
the maximum production pressure in the combustion cham-
ber and thus reduces engine power [52].

Based on Fig. 4 (a, b, ¢, d), the minimum NOx value at
different engine speeds for EGR and HCNG is zero. The
value of NOx increases with increasing combustion chamber
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Fig. 5 — TE beam diagram versus other Engine performance parameters for 1000 rpm, red dot optimum combination selected

from EGR and HCNG
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temperature [53]. Due to the high rate of reaction of hydrogen
fuel in the combustion chamber, high EGR and increasing the
amount of hydrogen in the HCNG composition causes an in-
crease in temperature which results in an increase in NOx
[54,55]. Based on Fig. 3 (e, f, g, h), the minimum amount of CO
at different engine speeds in EGR is about zero percent and
HCNG is about 40%. The results of Fig. 4 (i, k, m, n), the
maximum amount of HC at different engine speeds for EGR is
about 0% and HCNG is about 40%. Reducing CO and HC
emissions by increasing hydrogen is due to complete com-
bustion so that with the increase of hydrogen in the fuel
composition, it is possible to increase the temperature and
also the higher pressure, and as a result, fewer emissions and
more power [56].
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As shown in the response level study (Figs. 3 and 4), the
optimal value of each of the engine performance parameters
were obtained in different values of EGR and HCNG, which
were inconsistent with each other. Therefore, the appropriate
multi-objective optimization method was used. Table 8 shows
the optimal values of EGR and HCNG at different engine
speeds using a multi-objective genetic algorithm. Three sce-
narios for optimization including multi-objective optimiza-
tion based on six performance goals, multi-objective
optimization based on three performance goals including TE,
FC, Power and multi-objective optimization based on three
objectives of reducing engine emissions were defined. As the
results show, the optimal values of EGR and HCNG are
different in different cycles. The optimal value of EGR in
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Fig. 6 — Curve of performance parameters and engine exhaust emissions versus engine speed for EGR percentage and also

curve of optimum value for diesel fuel.
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different cycles in the first scenario (optimization of all engine
parameters) varies from 5.54 to 8.43 and for HCNG from 30.00
to 32.20, respectively. Also, the average optimal values of EGR
and HCNG for all cycles are 6.53 and 31.00, respectively.
Regardless of the engine emission performance, for the sec-
ond scenario, i.e., the optimization of the three performance
parameters TE, FC, Power, the optimal value of EGR in
different cycles varies from 11.06 to 11.82 and for HCNG from
36.15 to 38.18. Also, the average optimal values of EGR and
HCNG for all cycles are 11.49 and 37.31, respectively. The
optimization of the engine emission parameters without
considering TE, FC, Power (third scenario) showed that the
optimal value of EGR at the lowest value (average 0.36) and the
use of HCNG at an average value of 25.70 was the best result
for engine emission. Fig. 5 shows the beam diagram of the
changes in the optimal values of possible solutions for TE
versus other engine performance variables for 1000 rpm.
Therefore, based on the optimal conditions of EGR and HCNG
in different cycles, the best value for the performance pa-
rameters a, b and the emission values of c-e can be obtained
according to the thermal efficiency of TE.

One of the aims of this study is to optimize and find the
optimal value of EGR in different periods based on the per-
centage of hydrogen to natural gas to reduce engine emissions
and increase engine performance. Because the optimal value
of percentage of hydrogen to natural gas is about 30%, there-
fore, based on 30% HCNG, the optimal value in different per-
centages of EGR can be obtained. Fig. 6 shows the curve of
performance parameters and engine exhaust emissions
versus engine speed based on the percentage of EGR and the
graph of the optimum value for diesel fuel. Due to the

reduction in combustion delay, the values of thermal effi-
ciency and engine power increase, especially at high speeds
with increasing EGR in a diesel engine [57], but the value of
specific fuel consumption decreases so that at higher speeds,
i.e., about 1600 rpm, the value decreases more intensively.

One of the most effective ways to reduce NOx pollutants is
to use EGR. In this system, some of the exhaust gases are
returned to the cylinder. This value of return exhaust gas
enters the engine cylinder with the air in the suction course
and plays the role of diluting the mixture together with the
gases remaining from the previous cycle (O, reduction). As a
result of this mixture, flame speed and peak combustion
temperature decrease. Also, the value of NOx decreases.
Therefore, due to less oxygen accumulation and lower flame
temperature, the value of NOx decreases with increasing EGR
[58] according to the following diagrams. Due to the complete
combustion of the value of fuel inside the combustion
chamber, the value of HC and CO also decreases with
increasing EGR, but the value of HC decreases slightly. Finally,
according to the statistical results extracted for diesel fuel
with different EGRs, the results showed that the best engine
performance and exhaust emissions with 10% EGR in different
cycles could be achieved.

Fig. 7. Shows the variation of cylinder pressure versus
crank angle at 1500 RPM. The following figure demonstrates
that by increasing the EGR ratio, the amount of cylinder
pressure decreases but the amount of reduction is very small.
The cause of the reduction in cylinder pressure is the reduc-
tion of oxygen availability and the reduction of the fuel
burning rate in the diffusion phase [59]. Also if in this case, as
HCNG percentage in the blend of fuel increases, the cylinder
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Fig. 7 — Variation of cylinder pressure versus crank angle at 1500 RPM.
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pressure decreases. Meanwhile this point should be
mentioned that at other engine speeds, the pressure trend is
the same.

Fig. 8 shows that with an increase of hydrogen percentage
in HCNG and engine speed, the cylinder pressure increases so
that the curve of cylinder pressure generally is closed to top
dead center [60] and this subject help to increase performance
and engine efficiency due to the presence of further force
when piston moves toward bottom dead center. Off course, as
mentioned before, the maximum efficiency obtained is
approximately at 30%HCNG because when the hydrogen
percentage is more than this amount, the maximum cylinder
pressure is closed to the top dead center and the pressure
drops as the piston moves down.

Fig. 9 shows the variation of cylinder pressure versus crank
angle at 1500 RPM. As can be seen due to the variation of
hydrogen content in HCNG fuel, the increase of EGR ratio leads
to the decrease of CHR, while when the EGR ratio reaches 15%,
the CHR start to an increase due to increase of heat transfer in
engine and cylinder wall. Meanwhile increase of hydrogen in
HCNG blend more than 30% lead to decrease of combustion
duration and finally decrease of the engine efficiency [61,62].

Conclusions

Although diesel cars play a pivotal role in freight and pas-
senger transport, they are also considered a source of pollu-
tion. In this study, a diesel engine was simulated for
investigating performance and exhaust emissions with a
combination of natural gas and hydrogen fuel. Gaussian pro-
cess regression (GPR) applied to model engine performance.
Subsequently, the optimal values of the EGR ratio and the
percentage of hydrogen were extracted at different speeds
using a multi-objective genetic algorithm (MOGA). The
following results were obtained from this investigation.

An evaluation of the GPR model showed that using the ARD
Matern 2/3 as a Kernel function can be used with confidence to
replace the AVL Fire simulation model.

The GPR model can replace the simulated model with 99%
confidence. The comparison of the results predicted by the GPR
and simulation model showed that the maximum error of the
GPR model was about 3%. Also, the results of the GPR showed
that the volume of calculations in AVL Fire significantly
reduced against parametric changes of EGR, H2%, and RPM.

A Gaussian process regression model predicted the
response level of performance and exhaust emissions at
different engine speeds against HCNG and EGR values. The
results showed that the highest value of thermal efficiency
ratio to different engine speeds was obtained with 10% EGR
and 30% EGR, while the lowest specific specific fuel con-
sumption resulted with 10% EGR and 40% HCNG.

Thermal efficiency, engine power, and specific specific fuel
consumption increased with decreasing EGR ratio. A high EGR
ratio increases the combustion duration and thus reduces the
pressure inside the combustion chamber.

Increase of EGR ratio on cylinder pressure had an insig-
nificant effect but increase of hydrogen percentage in the fuel
blend from 0% to 40% increased cylinder pressure about 9% at
different engine speeds. Also increase of more than 10% EGR

along with HCNG percentage lead to that cumulative heat
release increase insignificantly.

Increasing the percentage of hydrogen in the fuel compo-
sition and the EGR ratio increases the combustion tempera-
ture and consequently increases the NOX, while the amount
of CO and HC decreases. The lowest NOx value was obtained
with 30%HCNG and 10% EGR. Similarly, the lowest amount of
CO and HC was obtained with 15%EGR. While, if the amount of
hydrogen and EGR are used in combination, the lowest of
them is obtained with 30%HCNG and 10%EGR.

According to the multi-objective optimization by genetic
algorithm, the optimal values of EGR and HCNG based on
maximum performance and minimum engine emissions are
6.35% and 31%, respectively.

One general conclusion is that, although hydrogen has a
significant potential for emissions reductions, it is also expe-
riencing very rapid growth in the petroleum refining industry.
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